Intraocular lens (IOLs) implants are synthetic lenses used to replace the natural lens of the eye and obtain optical rehabilitation. The materials and methods of IOLs fabrication have been correlated with postoperative complications such as diffractive aberrations, capsular opacification or discoloration. Thus, several new materials and patterns are studied for the formation and etching of intraocular lenses (IOLs). In our work, we studied the use of UV laser as an alternative method to conventional surface shaping techniques for IOLs etching. Ablation experiments were conducted on hydrophobic acrylic IOLs by a commercial excimer laser system used in photorefractive surgery. The morphology of the irradiated area was observed by scanning electron microscopy (SEM) and a mathematical algorithm was used for SEM image processing. The effect of IOLs exposure to UV light before excimer laser irradiation was also examined, since natural ageing and cross-linking of IOLs material were reported. Conical structures were revealed after UV laser ablation and their population was increased with the number of laser pulses. Period distribution of cones was measured with the combination of image processing and a scanning algorithm which was developed for this reason. According to the graphs, the mean period and the distribution of the cones was depending of the number of irradiation pulses and the exposure to UV lamp before laser irradiation. Although a photochemical and a theoretically smooth-surface ablation mechanism is considered for the UV excimer laser interaction with polymers, surface conical-like abnormalities and thermal degradation of the lenses materials was observed.
Introduction
Human prosthetic lens replacements are the most efficient technique to restore vision after cataract surgery or in cases of high levels myopia or hyperopia. Intraocular lenses (IOL) are implanted in the eye to replace the natural crystalline lens through small incisions. However, accommodation is lost with an IOL implant and the patients have had to choose whether they want to have their distance vision corrected by the IOL and wear reading glasses to see up close or to select a power that would permit them to be near-sighted through the IOL and wear a distance correction in their spectacles. A few patients also choose a monovision strategy in which one eye is implanted with an IOL for distance vision and the other with an IOL power that can provide some near vision without spectacle correction [1, 2] . To provide the ability to see at different distances again, multifocal IOLs have been developed [3, 4] .
Several materials and patterns are still studied for the formation and etching of IOLs in order to improve the quality of vision postoperatively [1, 5] . Ophthalmology is entering a very interesting period with new diffractive multifocals, improved refractive multifocals, and accommodative lenses, all coming out at the same time. There are many studies in progress and future will prove the better option. A new diffractive-refractive design for providing intermediated vision is apodization. In an apodized pattern, physical diffractive step heights reduce in height in an almost continuously varying manner from 1.3 μm high centrally to 0.2 μm high peripherally [1, 6] . These lenses are either made of PMMA, dyed with a ultra-violet blocking substance, or of newer more flexible materials such as silicone and acrylic which can be folded and placed through a smaller incision in the eye [7] [8] [9] .
Our study was based on the idea of using laser ablation to modify the surface of intraocular lenses, as it seems very intriguing to apply laser radiation for the creation of micron-sized apodized patterns in soft polymers. This could provide an alternative route for IOL's material cutting and etching, instead of using the conventional techniques of injection molding and lathe-cut, which have been correlated with some postoperative complications such as posterior capsular opacification [1, 10, 11] .
The ArF excimer laser remains the dominant source for ablating cornea in refractive surgery, as well as for reshaping polymers, while the UV harmonics of conventional solid-state lasers are also investigated as alternative sources [12, 13] . Excimer laser ablation has been reported as an efficient microfabrication technique suitable for surface structuring of polymers because of their high UV absorption [12, 14] . This technique compete other conventional fabrication methods like embossing, injection molding, lithography and e-beam writing.
As a consequence of modern IOL applications, new photorefractive procedures include the controllable reshaping of organic polymers as an alternative to corneal tissue reshaping [15, 16] . Hydrophobic acrylic intraocular lenses were ablated by an excimer laser system used in photorefractive surgery for cornea surface modification. Intraocular lenses are polymeric materials which can undergo crosslinking by UV light irradiation. Photocrosslinking and then laser ablation or vice versa, has been studied for the fabrication of arrays microstructures on novel photopolymers [17] .
In our previous work, a UV solid state laser has been used for IOL's ablation. The 4 th harmonic of an Nd:YAG laser (λ = 266 nm) has been examined as a tool for IOL resurfacing and has revealed the contribution of a photothermal and photochemical ablation mechanism [18] . In this work, excimer laser interaction with IOLs surface has been studied. Furthermore, we examined the combination of the two processes, laser ablation and photocrosslinking, in IOLs material modification.
Materials and Methods
Laser ablation experiments were performed on comercially available hydrophobic acrylic IOLs (Alcon MA30-AC, MA30BA and MA60BM models) and yellow azodye IOLs (Alcon SN60WF and SN60AT). The yellow intraocular lenses are designed to reduce the absorption of UV and short wavelength (400 -500 nm) visible light by adding a yellow dye to the IOL and a UV blocking material [19, 20] . The laser source was a commercial excimer laser (ESIRIS, SCHWIND) providing laser pulses at λ = 193 nm wavelength with pulse duration 8 ns (Figure 1) . The IOLs were placed perpendicular to the incident laser beam and the laser fluence was calculated at 0.5 J/cm 2 . Comparative ablation experiments were performed on IOLs which were exposure to UV light before laser irradiation. The possible change in UV laser modification of IOLs surface by their exposure to UV light was investigated. The intraocular lenses have been irradiated with a UV lamp (IROC) emitted at 370 nm for 15 -30 min with intensity 2.20 mW/cm 2 . The morphology of ablated IOLs surfaces were examined in detail with the use of a scanning electron microscope (SEM, JEOL JSM 5600).
Results and Discussion
Ablation experiments on hydrophobic acrylic and yellow azo-dyed intraocular lenses were conducted with the excimer laser (λ = 193 nm, t p = 8 ns) at low laser fluence 0.5 J/cm 2 and various number of pulses. In the UV and VUV, the ablation threshold of polymers can be very low, with typical values ranging from F th ~ 20 -200 mJ/cm 2 , depending on the laser wavelength as well as the polymer itself [21, 22] . Irradiation was performed at normal incidence angle. The morphology of the ablated hydrophobic acrylic and yellow azo-dyed intraocular lenses was investigated with SEM. Conical structures were revealed after irradiation and their population was increased with the number of pulses. In Figure 2 Cracks were observed at the edge of the crater and might be due to high pressure that exceeds the mechanical strength of the material. The black hole in the bottom of the crater is the perforated area of the IOL. For normal incidence observation, spherical-like structures appeared inside and outside the crater. However, under tilted angle observation, as is shown in Figure 3 (c), a conical structure formation was revealed. The cones appear around the walls and oriented vertical to the bottom of crater. In Figure 3(d) is observed the cone-like microstructure under higher magnification. The cones present smooth edges and rougher lateral surface.
Figures 4(a) and (b) present the SEM images of an acrylic IOL (Alcon MA60BM model, 21.0 D) after irradiation with excimer laser at laser fluence 0.5 J/cm 2 and 11,000 pulses. An evolution of the surface conical microstructure growth was observed with the increased number of pulses. The feature of the cones is a smooth edge with sharp and intense apex (Figure 4(c) ). However, higher magnification of the cone edges reveals nonspherical nanostructures around the cone vertices and spherical nanoparticles on the top of the cone. The nonspherical debris can be associated with polymer and carbon fragments and the spherical one with pure carbon fragments during the laser ablation [23] .
In an effort to explain these interesting patterns, observed for the best of our knowledge for the first time in intraocular lens polymeric samples, at low UV laser energy fluence and high number of laser pulses, we reviewed some relatively similar results in other polymer applications from literature. Several works on excimer laser irradiation of polymeric materials reported on the formation of conical shape structures that are formed for a selected range of laser parameters (fluence and number of pulses), especially in the 1990 decade, regarding microelectronics and photolithography applications [12, [21] [22] [23] [24] [25] 29] . For example, similar conical structures were also observed during ablation of poly(2-hydroxyethyl methacrylate) (PHEMA) by an ArF excimer laser (λ = 193 nm), with 8000 pulses at 180 mJ/cm 2 [24] . Excimer laser ablation of elastomer composite containing carbon black produced cone-like microstructures on the surface after irradiation with a KrF excimer laser (λ = 248 nm, 30 ns) at 0.5 J/cm 2 and for 100-500 pulses [25] . Interaction of intense ultrashort laser pulses (120 fs at λ = 795 nm) with polymer based composites has revealed cone-like structures on the whole walls at 5.4 J/cm 2 and for 50 -90 pulses [26] . Sparsely dispersed cones were observed after extreme ultraviolet (EUV) radiation for 60 s with 10 Hz repetition rate at 10 mJ/cm 2 [27] . Recently, formation of a large number of cones was also observed after 248 nm excimer laser irradiation on samples of wooden archaeological objects with laser fluence ranging from 40 up to 1300 mJ/cm 2 and with a number of pulses in the range from 10 to 10,000. For the lowest value of 40 mJ/cm 2 , and thousands of pulses, SEM observations in consolidant acrylic resins (Plexisol 550 and Paraloid B72) revealed morphological changes with formation of a large number of cones, restricted to the very few surface layers [28] , while, at the highest value of 1300 mJ/cm 2 and with a few laser pulses (10), only wood ablation without surface morphological change was observed.
Hopp [29] proved that the development of conical structures is due to the shadowing and diffraction effect, induced by the particulate impurities, and the interference effect between the incident and reflecting (from particulate impurities being on the ablated surface) parts of the UV laser beam, in a well established range of the laser parameter values [29] . The origin of the impurities could be attributed to imperfections which pre-existed in the material or created during laser ablation. UV photons of 6.4 eV (λ = 193 nm) have sufficient energy to induce main polymer chain scission and side chain scission. Photon cleavage of the main chain bond leads to decomposition of the polymer into chains with lower molecular weight or even monomers. Photon cleavage at the ester carbonyl group results in the formation of carbon radicals on the main chain, thus leading to cross-linking of polymers as well as main chain scission and monomer elimination [30] . The carbon particles formed inside the laser plume, can settle on the composite surface provide a shielding effect having a higher threshold than the polymer. Thus, conical morphologies are created with repeated pulses. It is important to note that on the peak of the cones often particulate impurities can be seen (Figure 3(d) ). Likewise, interference fringes have been observed at the base of the cone. The fringes are believed to be the result of the interference between the incident beam and the one reflected from the surface of the cone [29] .
In Figure 5 are presented the SEM images of an IOL (MA30BA model, 21.5D) which was exposed in UV light before the effect of laser ablation. The IOL has been irradiated with a lamp at λ = 370 nm for 30 min, with an intensity of 2.20 mW/cm 2 . The ablation experiment was conducted by excimer laser at 0.5 J/cm 2 and 7190 pulses. The plane and the cross section of the crater are shown in Figures 5(a) and (b) respectively. The perforation of the lens was realized with 7190 pulses and was observed near the centre of the crater's bottom. No conical microstructure appeared inside the crater but only few cones near the crater walls and more embedded with crater walls. Some debris noticed inside the crater was attributed to dust and not to ejected ablated material. Figure  5(c) shows in detail the growth of cones indicated by the framed area of Figure 5(a) . The evolution of shape microstructures which tend to create cones is shown in high magnification in Figure 5(d) ). The conical-like structures are embedded in crater walls and appear a rough surface with intense ripples.
In Figures 6 and 7 , we observed SEM images of the laser ablation effect on "yellow azo-dye" IOLs without pre-exposure to UV lamp and after pre-exposure to UV irradiation, respectively. Conical structures were also appeared in both cases. A dense dispersion of cones appeared for N = 11,000 pulses (Figure 6(a) ) and sparsely dispersed cones for less pulses N = 6500. The IOL in Figure 6 was exposed in UV lamp for 15 min with an intensity 2.20 mW/cm 2 . Cones have perpendicular orientation as the beam falls vertical to the IOL surface. However, some conical structures present a slight tilt (Figure 6(b) ) which is attributed to the beam aberration as the IOL is not flat but has a curvature determined by the diopters. The framed area of Figure 7(a) shows the intense tilt of two cones which tend to collapse inside the crater hole. Conical structure formation was noticed around the crater walls. Nascent conical structures are shown around the walls in Figure 7(b) . The cones present relative smooth apex, while nanostructures were created on the lateral surface associated with polymer and carbon fragments during the material ablation (Figures 7(c) and (d) ). Similar behavior was observed for IOL's surface irradiation at the same laser fluence but with few pulses (50 -100). A budding of conical-like structures was observed under atomic force microscopy analysis (unpublished data).
In all case, plasma formation and thermal damage zone around the ablation craters was observed during the irradiation. The thermal alteration was visible even by naked eye or conventional light microscopy. Although, the UV excimer laser ablation mechanism is generally considered as a "cold" mechanism, the morphological appearance of the IOL samples reveals evidence of a thermal degradation of IOLs and, therefore, the contribution of a photothermal mechanism in IOLs ablation. It was reported [21, 31, 32] that both photochemical and photothermal mechanism contribute in the UV organic polymer ablation at high absorption wavelengths of 193 nm and 248 nm. The electronic energy is converted to heat via radiationless transitions followed by thermal "unzipping" of the polymer [33] .
In our previous report on UV laser ablation (at λ = 266 nm) of IOL [18] , we indicated that neither an exclusively photochemical or thermal ablation process is appropriate in UV laser polymer ablation and that both factors may be potentially important. Ultraviolet photons with energies higher than 3.5 eV give rise to electronic excitation, which can lead to photochemical decomposition of polymers [34] . So, incident photons of 266 nm have sufficient high energy (4.7 eV) to directly break main chain bonds. Bond-breaking and material ejection is believed to occur directly from the excited electronic state in the photochemical mechanism [33, 35] .
Period distribution of cones was measured with the combination of image processing and a scanning algorithm which was developed for this reason. The image processing of SEM images was produced to relate each pixel with the apex of each cone. Morphological filters were used for image processing. In Figure 8 is shown a characteristic example of the image processing of the SEM image of the cones in Figure 6 .
According to the graphs of Figures 9-14 , the mean period and the distribution of the cones is reducing as the number of irradiation pulses of acrylic IOLs is increasing. For the same number of pulses, the IOLs which have been experienced "artificial ageing" presented wider distribution I comparison with IOLs which have not been exposure to UV lamp before excimer laser irradiation.
The algorithm can produced the mean value of period and distribution of the conical structures [36] . Thus, it is possible to measure the distance of each cone form the nearest one or in other words the distance between two nearest pixels. The results of the algorithm were extracted with the form of a graph.
In Figure 15 we present a schematic representation for the creation of cones, inspired by the work of Silvain et al. [23] for the cone-like microstructures induced by KrF excimer laser irradiation of composite materials. The molten layer of the material can induce motion of the surface micrometer carbon particles until its solidification. For the first ablation pulses carbon particles are free to move randomly on the ablated surface and therefore to make clusters. Each carbon particles aggregation can act as shield for the growth of cone-like microstructure. Growth mechanism of the large cone-like structure can then take place through the aggregation of small conelike microstructures in thick molten layer upon repeated laser irradiation. The exposure of IOL to UV light induces cross-linking between polymer chains. The resulting modification of mechanical properties depends strongly on the cross-link density. Low cross-link densities, for 2.20 mW/cm 2 UV lamp irradiation, raise the viscosity of melting polymer. The limited diffusion of carbon particles through the strong-net polymer chains and inside the molten layer can lead to formation of bulk cones.
Conclusions
Intraocular lenses modification or etching was examined by the use of excimer laser irradiation at 193 nm. The ablated surfaces present conical microstructures attributed to carbon particles impurities which act as shielding effects. Although the photochemical ablation mechanism of the UV laser thermal degradation of the lenses materials was observed. The acrylic material of the lenses exhibit nearly the same morphology after crosslinking them by exposure to UV lamp before UV laser irradiation. The formation of cone-like structure during ArF irradiation is associated with the diffusion and aggregation of carbon particles. Growth mechanism of large cone-like structure can then follow to aggregate small cone-like microstructures in thick molten layer upon repeated laser irradiation.
For IOL surface modification, a properly smooth surface ablation patterning is absolutely necessary. Therefore, a systematic study and careful control of laser parameter radiation in combination with IOLs properties may eliminate the rough conical structures before inserting UV laser irradiation as a useful micromachining for designer" IOLs. " 
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